Flavonoids are a class of secondary metabolites in plants that are involved in many important functions. Various flavonoid compounds have also been reported to be beneficial for human health. Bilberry (Vaccinium myrtillus L.) is the characteristic field layer species in boreal forests and the fruits of bilberry are rich in anthocyanin pigments, a subclass of flavonoids. In the present work, flavonoid biosynthesis was examined in different tissues of bilberry. The focus was on the developing fruits of wild type and natural color mutants of bilberry, and on effect of solar radiation on flavonoid biosynthesis in bilberry leaves.
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Introduction
Bilberry
Bilberry, or European blueberry (Vaccinium myrtillus L.) belongs to the genus Vaccinium, which is widespread over the world with over 200 species of evergreen and deciduous woody plants varying from dwarf shrubs to trees. The genus Vaccinium includes many economically important cultivated small fruit species, like blueberries and cranberries. Bilberry grows in the area of Europe and Asia, most abundantly in Scandinavia, Eastern Europe and at higher elevations in Southern Europe. Together with lingonberry (V. vitisidaea L.), bilberry is among the most significant wild berries in these areas (Sjörs 1989 , Morazzoni & Bombardelli 1996 . The average bilberry yield in Scandinavia has been estimated to be over 500 million kilograms per year, locally over 100 kg fresh weight per hectare (Sjörs 1989 , Salo 1995 . The aroma of bilberry is regarded as special and delicious, differing from other blueberries. Bilberry is a deciduous dwarf shrub and a characteristic field layer species in boreal forests. Most typically, bilberry grows in Norway spruce (Picea abies) dominated moist upland forests, but it is also found in dryish and grovelike upland forests. According to the third national forest inventory conducted in Finland (1951-53) , half of Finland's forest area was covered by bilberry and lingonberry at the field layer level (Salo 1995) .
Various ecological, physiological and genetic studies have been conducted on bilberry. Research has been performed on its morphology, growth habit, pollination system, and population dynamics (Flower-Ellis 1971 , Sjörs 1989 , Jacquemart 1994 , Tolvanen 1995 , Nuortila et al. 2002 . Also, its carbon-, nutrition-and water economy has been explored (Havas 1971 , Gerdol et al. 2000 , Grelet et al. 2001 . Several studies concern the response of bilberry to environmental stress factors like herbivory (Kalela 1957 , Laine & Henttonen 1983 , low temperatures (Taulavuori et al. 1997a) , pollution (Taulavuori et al. 1997b , Reimann et al. 2001 , and enhanced UV-B radiation (Taulavuori et al. 1998 , Phoenix et al. 2000 . The method for tissue culture has been optimized for bilberry (Jaakola et al. 2001) for producing homogenous plant material for research purposes and cultivation. Because of the value of its fruits, interest in cultivation of bilberry is growing.
Flavonoids
Flavonoids are a class of low-molecular-weight phenolic compounds that are widely distributed in the plant kingdom. Over 6000 naturally occurring flavonoids have been described, and many of them are common in higher plants (Harborne & Williams 2000) . These compounds frequently serve as pigments in plants, but are also involved in many biological interactions. Flavonoids are built upon a C 6 -C 3 -C 6 flavone skeleton in which the three-carbon bridge between the phenyl groups is commonly cyclized with oxygen. Based on the degree of unsaturation and oxidation of the three-carbon segment, flavonoids are divided in several classes (Fig.1A) . Most flavonoids reported in the literature are glycosides of a relatively small number of flavonoid aglycons, which are generally water-soluble and accumulate in the vacuoles of plant cells (Bohm 1998 , Seigler 1998 .
A significant role of flavonoids that has been under very active research recently, is their possible beneficial influence on human health. Flavonoids have been found to own potent antioxidant and free radical scavenging activities in vitro. There is growing evidence from human consumption studies supporting a protective role of flavonoids in cardiovascular diseases and cancer. Many flavonoids have been found to possess antiviral, antibacterial, antifungal or anti-allergenic properties. However, because of the wide variety of different flavonoids, their possible interactions with other substances, and the complexity of their metabolism in the human system, more research in this area is still needed (Hertog et al. 1995 , Hollman et al. 1996 , Peterson & Dwyer 1988 , Ross & Kasum 2002 .
Blueberries, which are a rich source of anthocyanins, have been found to be beneficial for health (Kalt & Dufour 1997 , Smith et al. 2000 . The antioxidant capacity of blueberries has been analyzed in several studies (Heinonen et al. 1998 , Prior et al. 1998 , Kalt et al. 1999 , Moyer et al. 2002 . Also, the anticancer activity of the Vaccinium species (Bomser et al. 1996 , Katsube et al. 2003 and the antimicrobial properties of berry phenolics, including those from the Vaccinium species, (Rauha et al. 2000 , Puupponen-Pimiä et al. 2001 have been studied in vitro. Cranberry (V. macrocarpon, V. oxycoccos) proanthocyanidins have been found to prevent urinary tract infections (Howell et al. 1998 , Kontiokari et al. 2001 . A study of Youdim et al. (2000) showed the beneficial effects of blueberries on brain functions related to ageing in vivo. Bilberry fruits and leaves were used in folk medicine in Europe already in the Middle Ages (Morazzoni & Bombardelli 1996) . In the US, bilberry has been among the most significant herbs for sale during the recent years (Blumenthal 1999 (Blumenthal , 2001 ).
Flavonoid biosynthetic pathway
Flavonoids are synthesized via the phenylpropanoid pathway. Phenylalanine ammonia lyase (PAL) catalyzes the conversion of phenylalanine to cinnamate. PAL also shows activity with converting tyrosine to p-coumarate, albeit to a lower efficiency. The cinnamate 4-hydroxylase (C4H) catalyzes the synthesis of p-hydroxycinnamate from cinnamate and 4-coumarate:CoA ligase (4CL) converts p-coumarate to its coenzyme-A ester, activating it for reaction with malonyl CoA. The flavonoid biosynthetic pathway starts with the condensation of one molecule of 4-coumaroyl-CoA and three molecules of malonyl-CoA, yielding naringenin chalcone. This reaction is carried out by the enzyme chalcone synthase (CHS). Chalcone is isomerised to a flavanone by the enzyme chalcone flavanone isomerase (CHI). From these central intermediates, the pathway diverges into several side branches, each resulting in a different class of flavonoids. Flavanone 3-hydroxylase (F3H) catalyzes the stereospecific 3ß-hydroxylation of (2S)-flavanones to dihydroflavonols. For the biosynthesis of anthocyanins, dihydroflavonol reductase (DFR) catalyzes the reduction of dihydroflavonols to flavan-3,4-diols (leucoanthocyanins), which are converted to anthocyanidins by anthocyanidin synthase (ANS). The formation of glucosides is catalyzed by UDP glucose-flavonoid 3-o-glucosyl transferase (UFGT), which stabilize the anthocyanidins by 3-O-glucosylation (Harborne 1994 , Bohm 1998 . The overview of the flavonoid pathway is presented in Fig 1B. There is evidence that the enzymes involved in flavonoid metabolism might be acting as membrane-associated multienzyme complexes, which has implications on the overall efficiency, specificity, and regulation of the pathway (Stafford 1991 , Winkel-Shirley 1999 .
Studies of the flavonoid pathway range from classical genetic analysis of flower color inheritance patterns by Mendel, through the establishment of their chemical structures, to efforts to understand the factors involved in their biochemical synthesis (Bohm 1998) . Basic knowledge of the flavonoid biosynthesis was gained from experimental studies using radio-labeled precursors at the end of 1950's. The development of more sophisticated methods in analytical chemistry and enzymology, and later in gene technology, has produced a vast number of studies and detailed information of the flavonoid biosynthesis in several plant species. The flavonoid biosynthetic pathway has been comprehensively reviewed (e.g. by Dooner & Robbins 1991 , Koes et al. 1994 , Holton & Cornish 1995 , Mol et al. 1998 , Weisshaar & Jenkins 1998 , Winkel-Shirley 2001 .
The first gene isolated from the flavonoid biosynthetic pathway was a CHS gene from parsley (Petroselinum hortense) (Kreuzaler et al. 1983) . Transcriptional control of the structural genes of the flavonoid biosynthetic pathway has been most intensively studied in relation to the biosynthesis of anthocyanins. Groundbreaking research concerning the expression of the structural and regulatory genes of the flavonoid pathway has been done with maize (Zea mays) (Goff et al. 1990 , Taylor et al. 1990 , Tonelli et al. 1991 , arabidopsis (Arabidopsis thaliana) (Shirley et al. 1992) and with ornamental plants like snapdragon (Antirrhinum majus) (Martin et al.1991 ), petunia (van der Krol et al. 1988 and gerbera . Naturally occurring flavonoid mutants and variants, or genetically transformed mutant plants have been important tools in several investigations clarifying the functions of the flavonoid pathway genes (Shirley et al. 1995 , Tanaka et al. 1998 .
The expression of flavonoid pathway genes in fruit tissues has been studied on grape (Vitis vinifera) (Boss et al. 1996 , Kobayashi et al. 2001 , citrus (Citrus unshiu Marc.) (Moriguchi et al. 2001) , and strawberry plants (Fragaria spp.) (Manning 1998 , Aharoni et al. 2001 . The scarcity of studies in this area may be due to a difficulty caused by the special features of the fruit tissues, e.g. the richness of different secondary metabolites and RNases, which may hinder the easy application of the molecular biological research methods. 
Flavonoids in fruits
An important role of flavonoids is to serve as visual signals for animals in attracting pollinators in flowers, and later for animals eating the fruits and thereby helping in seed dispersal. In fruits, flavonoids may contribute in a number of ways to fruit quality, for instance to traits such as color, flavor, bitterness or texture. They are also involved in the formation of undesirable brown pigments in fruits following bruising or cutting and/or storage (Amiot et al. 1997 , Robards & Antolovich 1997 .
The composition of flavonoids in different fruit species varies greatly (Macheix et al. 1990 , Robards & Antolovich 1997 . Anthocyanins are pigments that give most fruits their red, violet and blue color. The main anthocyanins in fruits are glycosides of six anthocyanidins that are widespread and commonly contribute to the pigmentation of fruits. Cyanidin is the most common anthocyanidin, the others being delphinidin, peonidin, pelargonidin, petunidin and malvidin. Of the flavonols, quercetin, kaempferol, myricetin and isorhamnetin are common in fruits, quercetin being the predominant flavonol. A third predominant flavonoid group in fruits is proanthocyanidins and their monomer units, catechins (procyanidin) or gallocatechins (prodelphinidins), which are the natural substrates of polyphenol oxidases and are, therefore, involved in the browning phenomenon of fruits. Citrus fruits differ in their flavonoid profiles from other fruit species, containing flavanones and flavones that are not common in other fruits.
The development of analytical methods has enabled a more detailed analysis of the qualitative and quantitative composition of the different flavonoids as well as the discovery of new flavonoid compounds. As the flavonoids are widely distributed among plants and show structural diversity due to differences in oxygenation, methylation and glycosylation patterns, and are also chemically fairly stable in plants, they have been used for chemotaxonomy at the species and intraspecific level. In fruit species, flavonoids have been used for chemotaxonomy particularly on genera Ribes, Rubus, Vaccinium and Vitis (Jennings & Carmichael 1980 , Andersen 1987 , Goldberg et al. 1998 , de Ancos et al. 1999 , Kalt et al. 2001 . The main flavonoids in Vaccinium fruits are the flavonol quercetin and cyanidin from the anthocyanidins. Also, the flavonol myricetin and delphinidin-derived anthocyanins, namely malvidin and peonidin glucosides are found in many Vaccinium fruits (Macheix et al. 1990 , Häkkinen et al. 1999 ).
Factors affecting fruit color
Factors affecting fruit color are primarily genetically determined. In addition, environmental factors such as nutrients, temperature and light conditions can have an effect on flavonoid composition and on the final hue of the fruit. In addition to flavonoids, carotenoids also give color to fruits. Concerning anthocyanins that are mainly responsible for the bluish to purple and reddish colors in plants, several different factors can affect the final color of the fruit or flower. Delphinidin-derived anthocyanins are known to be responsible for the bluish colors, whereas cyanidin -and pelargonidinderived anthocyanins are found from mauve and reddish tissues, respectively.
Anthocyanins readily form complexes with so-called co-pigments that can intensify and modify the initial color given by the pigment. Apparently, almost all polyphenols, as well as other molecules, such as purines, alkaloids and metallic cations, have the ability to function as co-pigments. Also, the temperature and pH of the vacuolar solution may affect the final color (Brouillard & Dangles 1994 , Brouillard et al. 1997 , Mol et al. 1998 .
The color of bilberries varies normally from blue to almost black. As rare variants, bilberry mutants with white or pink fruits have been found in nature. The change in color in these bilberry mutants might be due to mutations in structural or regulatory genes involved in anthocyanin biosynthesis. Non-pigmented variants are also found from other fruits, typically from grapes or currants, but also, for instance, from raspberries and strawberries.
Environmental significance of flavonoids in plants
In addition to acting as pigments in fruits and flowers, flavonoids are involved in a vast array of other biological functions in plants. They play a crucial role in the symbiotic plant-microbe interactions (nodule formation of nitrogen fixing bacteria in leguminous plants) and in plant sexual reproduction by promoting the pollen tube development (Koes et al. 1994) . Flavonoids also have apparent roles in plant stress defense, such as in protection against damage caused by pathogen attack, in wounding or in excess of UVlight. The low availability of nitrogen or phosphorus, and low temperatures affect flavonoid levels in plants (Dixon & Paiva 1995 , Winkel-Shirley 2002 . Flavonoids, mainly anthocyanins are responsible for the autumn colors in many plant species; they have been suggested to protect leaf cells from photo-oxidative damage, thereby enhancing the efficiency of nutrient retrieval during senescence (Feild et al. 2001) .
From the standpoint of evolution, the protective property flavonoids display against UV-radiation has been suggested to be among the oldest functions of flavonoids in plants. Flavonoids are strongly UV-absorbing compounds, and accumulate mainly in the epidermal cells of plant tissues after UV-induction. Ultraviolet radiation is, by convention, classified into three wavelength ranges: UV-A (320-390 nm), UV-B (280-320 nm), and UV-C (<280 nm). Radiation reaching the earth is high in the UV-A region, drops sharply in the UV-B region, and drops to nearly zero at 290 nm (Bohm 1998) . UV-B can penetrate the ozone layer in the stratosphere and cause damage to the plants. The epidermal layers of plants can absorb 90-99% of the incident ultraviolet radiation (Robberecht & Caldwell 1983) . The localization of flavonoids in the epidermal layers of plants and their known ultraviolet absorptive properties has led to a suggestion that they can serve as shields against potentially harmful radiation. There is a growing body of evidence for the role of flavonoids in photoprotection (Winkel-Shirley 2002) .
Several studies have demonstrated the change in flavonoid composition of plant leaves as a consequence of excess light or UV-radiation (Lois 1994 , Olsson et al. 1998 , Hofmann et al. 2000 , Tattini et al. 2000 , Kolb et al. 2001 . The activation of flavonoid biosynthetic genes by UV-radiation has been shown in a number of studies (Logemann et al. 2000) . The importance of flavonoids in UV protection has also been proven using mutants of Arabidopsis (Li et al. 1993 , Landry et al. 1995 , Havaux & Kloppstech 2001 and petunia (Ryan et al. 2002) which have a block in flavonoid production and are, therefore, sensitive to UV-radiation. There is also an Arabidopsis mutant with upregulation of flavonoid pathway genes and elevated accumulation of flavonoids and other phenolics, which is, as a consequence, tolerant against extremely high UV-B levels (Bieza & Lois 2001) . It is evident that the response of various plant species to UVradiation can differ considerably in terms of flavonoid synthesis. (Harborne & Williams 2000) . Interesting questions in this area are how the synthesis of specific flavonoids and other phenolics is regulated in response to UV light in different plant species, how do the flavonoids compare to other phenolics in contributing to UV stress protection, and do the flavonoids have other roles in UV protection beyond the absorption of UV radiation (Winkel-Shirley 2002) .
The final composition of flavonoids and other phenolic compounds in fruits and other parts of the plants is determined both genetically and by environmental factors. The composition of these compounds may vary greatly at the species and intra-specific level (Robards & Antolovich 1997 ). An interesting and challenging aspect for future research is to clarify the genotype x environmental interactions on the flavonoid composition in fruit plants. By combining the knowledge gained from the studies concerning the effects of different flavonoid compounds on human health, it might be possible to produce plants with even better health properties.
Aims of the study
The main objective of the study was to gain an understanding of the flavonoid biosynthesis in bilberry. Research was focused first on fruit development of the wild-type and the color mutants of bilberry found in nature. Emphasis was also placed on studying the flavonoid biosynthesis in other parts of the plant, and especially in the bilberry leaves. For these purposes, research was carried out: 3 Material and methods
Plant material
The flowers and fruits of wild bilberries, growing in the natural forest stands in Oulu, Finland, were harvested at six different stages (I, II, III). The fruits of the color mutation forms of bilberry, i.e. white and pink berries (III), as well as leaf (I, II, IV) and stem samples, were obtained from a test field at the Botanical Garden, University of Oulu. The samples were collected directly into liquid nitrogen and stored at -70ºC until used.
RNA isolation
The existing methods were not directly applicable for RNA isolation of bilberry. At the beginning of the work, several methods, developed particularly for RNA isolation from tissues with high phenolic and carbohydrate contents, were tested on bilberry tissues, especially the fruits. Some of the methods were completely unsuccessful, whereas others gave low yields of impure RNA. The CTAB-based RNA isolation method developed for pine trees (Chang et al. 1993) proved to be most suitable for RNA isolation from bilberry, although the yield was still low, and especially the RNA from ripe fruits was contaminated with colored substances. The modification of the CTAB-based RNA isolation procedure for isolating RNA from bilberry fruits and leaf tissues is described in the present study (I).
PCR, cloning and sequencing of the probes
The cDNA was prepared from bilberry fruit total RNA, which was reverse-transcribed by M-MuLV reverse transcriptase (Invitrogen, Carlsbad, CA) from an anchored oligo-dT primer using standard methods. Fragments of the flavonoid pathway genes and of a glyceraldehyde-3-phosphate dehydrogenase (GPD) gene were amplified from the cDNA by PCR. Partially degenerated primers, originally designed for gerbera, were used for amplifying fragments of PAL, CHS, and DFR coding sequences and of F3H coding sequence. For the amplifying fragment of the ANS and GDP gene coding sequences, primers were designed based on homologies found in genes previously isolated. Primers used in the study are presented in the 
Gene expression analysis
As performing the Northern analysis with bilberry RNA using a non-radioactive detection system proved to be difficult, an alternative method for studying the gene expression was developed. The method is based on the use of cDNA instead of RNA for the blotting step (II). The RNA samples were reverse-transcribed to cDNA directly after isolation. The cDNAs were separated by electrophoresis, stained with ethidium bromide and blotted onto Nylon membrane by Southern transfer. Probes consisting of bilberry-specific PCR amplified fragments of the flavonoid pathway genes were labeled with digoxigenin-dUTP according to manufacturer's instructions (Roche, Mannheim, Germany). Hybridization and detection steps are described detailed in papers II, III and IV.
Flavonoid and hydroxycinnamic acid analysis
Anthocyanins, catechins, proanthocyanidins, flavonols and hydroxycinnamic acids were identified and quantified from leaves and fruits with high-performance liquid chromatography combined with a diode array detector (III, IV).
Frozen berry and flower samples were crushed and powdered using a mortar and pestle. For leaf and stem samples, the same analysis method was used, but grinding the samples in liquid nitrogen was found to enhance the extraction of flavonoids and hydroxycinnamic acids (IV). Two sub-samples of leaves (0.25 g) and fruits (1 to 2 g) were weighed and suspended in 10 ml of acidified methanol (0.6 M of HCl) by heating and mixing for 1 min. After sampling 1 ml of the suspension for anthocyanin analysis, refluxing of the samples was continued. Upon heating in acidic methanol, the flavonol glycosides and anthocyanins were deconjugated to aglycons, and the proanthocyanidins were converted to anthocyanidins. The refluxing time of 2 h was found previously to be optimal both for flavonol aglycons (Häkkinen et al. 1999 ) and for anthocyanidins released from proanthocyanidins (Määttä et al. 2001) .
The identification and quantification of flavonoids and hydroxycinnamic acids with HPLC combined diode array detection is described in detail by Määttä et al. (2001) . The UV-visible spectra of the peaks obtained from berry and leaf extracts were compared to those of available standards for identification and quantified using their response factors. Hydroxycinnamic acids were identified and quantified as p-coumaric acid (λ max = 310 nm) and caffeic or ferulic acid (λ max = 326 nm) derivatives. Flavonols were identified as myricetin and quercetin (λ max = 354 nm) and kaempferol (λ max = 348 nm) glycosides and quantified for the weight of quercetin aglycone in rutin (quercetin 3-O-glucosiderhamnoside) (Määttä et al. 2003) . Catechins (λ max = 278 nm) were identified and quantified using the respective standards of (+)-catechin and (-)-epicatechin. The identification and quantification of anthocyanins was based on available anthocyanidin 3-O-glucosides (λ max = 516-524 nm). The anthocyanins from fruits were further identified by HPLC combined electrospray ionization mass spectrometry (ESI-MS). The HPLC-ESI-MS apparatus and ionization conditions were as described by Häkkinen and Auriola (1998) . Acylated anthocyanins showed the spectra similar to the shape and maxima of hydroxycinnamic acid (p-coumaric or caffeic/ferulic acid) and anthocyanin.
Results
Gene expression analysis
Isolation and sequence analysis of the cDNA fragments of the genes involved in flavonoid biosynthesis
The isolated cDNA fragments of the bilberry flavonoid pathway and GPD genes ranged of size from 171 to 476 bp. The nucleotide sequences of all the fragments exhibited 65 to 93% identity to the corresponding genes from other species. The isolated cDNA fragments of the bilberry flavonoid pathway and GPD genes showing highest homology with genes from other species were selected as probes for the gene expression analysis (III).
Expression of the flavonoid pathway genes in fruits
The flavonoid pathway genes were shown to be expressed in two phases during the bilberry fruit development. The genes were highly expressed in flowers and especially at the stages of ripening when the color development occurred. All of the genes examined were expressed both in flowers and in fruits. The expression of CHS and DFR was observable throughout ripening, but was reduced at the early stages of fruit development compared with the later stages of ripening. The expression of the flavonoid pathway genes was highest at stage when the fruit was still pale inside but the skin was already red. In ripe fruits, the expression began to decrease again (III).
The expression of flavonoid pathway genes in the color mutation forms of bilberry was studied at the ripening stage, when the expression in the wild-type bilberries was at its maximum. In both studied color mutants (pink and white), the expression of flavonoid pathway genes was reduced compared with the wild-type bilberries. In the pink mutant the expression of the flavonoid pathway genes, except for ANS, was at a detectable level, whereas in the white mutant, only the expression of PAL and DFR was detected (III).
Expression of the flavonoid pathway genes in leaves
Increased expression of the flavonoid pathway genes was detected in the leaves growing under direct solar radiation compared with lower leaves of the same plant (IV). The expression of PAL, CHS and F3H was clearly higher in the leaves growing under direct sun exposure, whereas the change in the expression of DFR and ANS genes was lower, but still observable. The expression of all flavonoid pathway genes analyzed was notably higher in the fruits than in the leaves.
Chemical analysis
Qualitative and quantitative composition of the flavonoids and hydroxycinnamic acids in bilberry
The composition of flavonoids and hydroxycinnamic acids varied between different tissues of bilberry. Table 2 summarizes the qualitative and quantitative composition of flavonoids and hydroxycinnamic acids detected in this study (III, IV), in addition to new, yet unpublished data of flavonoid and hydroxycinnamic acid composition in bilberry peel, pulp and ground stem tissues. In ripe fruits, anthocyanins were the main flavonoids. The anthocyanin and flavonol contents were notably higher in berry peels than in the berry pulps. In leaves, flavonols and especially quercetin were the main flavonoids. The flavonol composition in fruits was also different from that in leaves, as in addition to quercetin, myricetin is found from fruits and kaempferol from leaves. The hydroxycinnamic acid contents were higher in leaves than in other parts of bilberry. In ground stems, only procyanidins from flavonoids were found in addition to hydroxycinnamic acids.
Accumulation of flavonoids during fruit development
At the early stage of the fruit development, procyanidins and quercetin were the major flavonoids, but the levels decreased strongly during the progress of ripening. During the later stages of ripening, the content of anthocyanins increased greatly and they were the major flavonoids in the ripe berry. Consistent with anthocyanin accumulation, another flavonol, myricetin, was detected (III, IV). From the two color mutants of bilberry, only proanthocyanidins and quercetin were found.
Effect of high solar radiation on the qualitative and quantitative composition of flavonoids and hydroxycinnamic acids in bilberry leaves
The contents of catechins, flavonols and hydroxycinnamic acids were higher in the leaves exposed to direct sunlight. The cyanidin glycosides from anthocyanins were detected only in the leaves growing under direct solar radiation. Of the flavonols, the content of quercetin was threefold in red leaves compared to the green shadow leaves. However, the content of procyanidins was lower in sun exposed leaves, whereas the content of prodelphinins was slightly increased (IV). The qualitative and quantitative composition of flavonoids and hydroxycinnamic acids in green (shadow) and red (sun exposed) bilberry leaves is shown in Table 2 . 1 Quantified anthocyanins were cyanidin glycosides in flowers and leaves, and delphinidin, cyanidin-, petunidin-, peonidin-, and malvidinglycosides in peel and pulp of berries. 2 NA = not analyzed, ND = not detected
Discussion
Biotechnological methods applied to Vaccinium as tools for research
The beginning of the work showed the challenge of working with fruit tissues and carrying out molecular biological study with new plant material. Applying molecular biological methods to the bilberry demanded a great deal of method testing, optimizing and developing of new ideas, as the existing methods were not directly applicable for the different tissues of bilberry. The isolation of RNA can often be the bottleneck for the gene expression studies, especially where a fairly large amount of RNA is needed. The factors causing problems are mainly the secondary metabolites that can irreversibly react with nucleic acids and cause problems in subsequent applications (Loomis 1974 , John 1992 , Levi et al. 1992 . Also, the levels of RNase activity can vary between different plant tissues and species. Fruit tissues are regarded to be particularly problematic because of the high levels of phenolic compounds, polysaccharides and elevated levels of RNases (Rodrigues-Pousada et al. 1990 , Jones et al. 1997 .
For isolating RNA from bilberry, several methods were tested at the beginning of the work. Some of them were completely unsuccessful, whereas others gave low yields of more or less impure RNA. The method described for pine needles (Chang et al. 1993) proved to be most successful, and it was further modified for optimizing the yield and purity of RNA from bilberry. The fruit tissues of bilberry were particularly problematic, and the RNA yields from fruits were constantly lower compared with other tissues, but were still comparable with yields reported for other fruits (Rodrigues-Pousada et al. 1990 , Jones et al. 1997 . Also, during the DNase treatment of isolated RNA, bilberry RNA degraded more readily compared to RNA isolated with the same method from pine (Pinus sylvestris) needles. Ripe fruits presented additional problems by leaving high residues of colored substances in the isolated RNA. This problem was overcome by additional washing steps with ethanol after the first precipitation of RNA with lithium chloride. Also, performing the northern blot analysis with bilberry samples using a nonradioactive detection system proved to be extremely difficult. As the reverse transcription of the bilberry RNA succeeded without problems, it was decided to test cDNA in the blotting procedure instead of RNA (II). Even the preliminary results showed the capacity and function of the method. The cDNA is known to be more stable than RNA. The advantage of this method is that the samples transcribed to cDNA can be stored for longer periods in the freezer compared to RNA, which is known to degrade during storage, even in temperatures below -70 ºC. In addition, with the cDNA blotting method the steps of gel electrophoresis, blotting, hybridization and detection can be done without using hazardous and expensive chemicals, and also without time-consuming handling of the glassware and equipment to eliminate the RNase activity. An advantage is also the possibility to work without radio-labeled probes.
The cause of the problems in conventional northern blotting using the non-radioactive digoxigenin-based detection system might have been the possible minor residues of secondary metabolites bound to the RNA samples, because transcription of the RNA to cDNA solved the problem. These possible residues still did not interfere with the enzyme activity during reverse-transcription. The non-radioactive DIG labeling method is based on a digoxigenin steroid isolated from Digitalis plants. The digoxigenin is linked to the C-5 position of uridine nucleotides via a spacer arm containing eleven carbon atoms. For the visualization, the alkaline phosphatase conjugate generates light with the chemiluminescent substrate (Leitch and Heslop-Harrison 1994, Sambrook and Russel 2001) . The same non-radioactive hybridization system has been found to give varying results in studies with other plants containing phenolics. In the study of endophytic fungi (Pirttilä et al. 2003) , problems were met in obtaining signals from dot blot analysis with the DIG system when using the DNA of the pink yeast Rhodotorula. When the genomic region of interest was first amplified with PCR, the dot blot analysis succeeded without problems (Pirttilä AM, oral communication).
Flavonoid biosynthesis in bilberry fruits
Fruit development and maturation of fruit tissues represent a final phase of floral development typically proceeding by successful pollination. The first phases after fertilization include the division and the expansion of the cells. Ripening phase is initiated after seed maturation has been completed. Tissue softening and accumulation of flavor compounds, aromatic volatiles and pigments occur during the ripening phase (Brady 1987 , Gillaspy et al. 1993 . Because of the dual role of non-dehiscent (fleshy) fruits as a part of the plant life cycle, and as an important element of human diet, the molecular basis of development and ripening of fruits has received considerable attention in recent years. The most important species regarding the study of the regulation of fruit development at the molecular level, are tomato (Lycopersicon esculentum), Arabidopsis and, to a lesser extent, strawberry (Fragaria spp.) (Manning 1994 , Moyano et al. 1998 , Ronen et al. 1999 , for review, see Giovannoni 2001 . Although a great deal of information is already available about the different aspects of fruit development, much still remains to be learned, especially with species other than the model plants. An aspiring goal is to understand how the collection of otherwise unrelated pathways and processes is coordinated to act efficiently and synchronously during the stages of fruit development (Giovannoni 2001) .
The biochemical and physiological changes during fruit development of blueberries have been examined earlier (Young 1951 , Edwards et al. 1970 , also having a special emphasis on anthocyanin accumulation (Suomalainen & Keränen 1961 . There are, however, no previous studies on flavonoid biosynthesis in blueberries at the gene level. Concerning Vaccinium species, cDNA encoding DFR has been cloned from cranberry (V. macrocarpon Ait.) (Polashock et al. 2002) .
The development of bilberries from flower to ripe fruit lasts usually 8 to 10 weeks, varying between years (Sjörs 1989) . During the ripening phase, which lasts 2 to 3 weeks, the accumulation of anthocyanins is rapid. For studying the biosynthesis of flavonoids during bilberry fruit development, cDNA fragments of five structural genes from flavonoid pathway were isolated from bilberry fruits in the present study (III). Fragments were sub-cloned and sequenced for detecting the similarity with the corresponding genes from other species. The expression of flavonoid pathway genes was found to be consistent with the accumulation of flavonoids during fruit development. The way the flavonoid pathway genes in the present study were expressed at the very beginning of the bilberry fruit development, and again at the end of ripening, is similar to what has been observed in the strawberry (Manning 1998) and in grapes (Boss et al. 1996 , Kobayashi et al. 2001 .
The profile of anthocyanins found in bilberry varied in different parts of the plant ( Table 2 ). The composition of anthocyanins was richest and most varied in fruits, where 15 different anthocyanins were found as glucosides of cyanidins, peonidins, delphinidins, malvidins and petunidins (III). The same anthocyanins were found in bilberry fruit peel and pulp, but the concentration was notably higher in the peel (Table 2 ). In flowers and leaves, only cyanidin glycosides were found (III, IV). The results obtained in this study provide additional evidence for the correlation between the expression of structural flavonoid pathway genes and anthocyanin accumulation during fruit development. In bilberry fruits, the anthocyanin synthesis occurs first in the epidermal cell layers, after which the inner cells of the fruit also become fully pigmented. The expression of flavonoid pathway genes was specifically up-regulated at the period when anthocyanin accumulation increased most rapidly. In ripe fruits, the expression levels started to lower again. The same phenomenon has been detected in developmental studies of some flowers (Jackson et al. 1992 , Quattrocchio et al. 1993 , Uimari & Strömmer 1998 .
It was also found that the levels of oligo-and polymeric proanthocyanins were high at the beginning of fruit development (III). This agreed with the results from gene expression analysis as the expression of DFR was detected throughout the fruit development. DFR reduces dihydroflavonols to leucoanthocyanins, which are the precursors of both anthocyanins and proanthocyanidins (Bohm 1998) . The contents of proanthocyanidins have also been found to decrease in the progress of ripening in other fruit tissues (Wrangham and Waterman 1983 , Boss et al. 1996 , Harborne 1997 , Mercier 1997 . In the present study, the same phenomenon was also detected with the white bilberry mutant (III). The presence of proanthocyanidins in unripe fruit tissues has been suggested to provide protection against being eaten too early, as the taste of proanthocyanidins is astringent (Harborne 1997) . Proanthocyanidins may also protect the developing fruit tissues against fungal pathogens (Mercier 1997) .
The profile of flavonols varies in the different tissues of bilberry. The flavonol quercetin is predominant in all tissues, except in ripe fruits (III). In addition to quercetin, myricetin is found in fruits and kaempferol in leaves. In flowers and the ground stem of bilberry, only quercetin is found. In flowers and fruits, flavonols may act as co-pigments for anthocyanins affecting the shade of the color (Brouillard & Dangles 1994) . Flavonols, especially quercetin, are also known to have protecting roles as UV-filters (WinkelShirley 2002) . In the present study, the concentration of quercetin was found to be higher at the beginning of fruit development and in flowers (III). This suggests a role in the protection of the tissues during early fruit development. The content of myricetin increased in consistence with the accumulation of anthocyanins, although at lower levels, which could indicate the role in co-pigmentation.
The color mutant forms of bilberry, with white or pink fruits, analyzed in course of the study (III), showed the reduction in the levels of the expression of flavonoid pathway genes. Likewise, a reduction in the contents of flavonoids was observable. No anthocyanins were detectable in the color mutation forms. Also notable was the absence of myricetin both from pink and white bilberries, which also gives further support for assumption of the possible role of myricetin in co-pigmentation of the wild bilberry fruit. The same phenomenon was detected in the study of phenolic compounds in fruits of black and red currants and their unpigmented green and red variants (Määttä et al. 2003) . The composition of the flavonol glycosides was the same, but the content of myricetin glycosides was distinctly lower and those of quercetin glycosides higher in green currants than in black currants.
The appearance of the link between the synthesis of flavonols and anthocyanins, led to the assembly of a summarizing table showing the flavonol and anthocyanin composition of different fruits (III). The data collected showed similar trends observed in other fruits besides bilberry. Accordingly, it was stated that there seems to be three predominant models for flavonol and anthocyanin biosynthesis in fruit tissues. The flavonol quercetin and cyanidin-derived anthocyanins (cyanidin or peonidin glycosides) are found in all fruits, in agreement with the theory that cyanidin glucosides are evolutively more primitive anthocyanins than pelargonidin-or delphinidin-(delphinidin, petudinin or malvidin glucosides) derived anthocyanins (Harborne & Williams 2000) . The trend in fruits seems to be that in addition to the flavonol quercetin and cyanidin glucosides from anthocyanins, either myricetin and delphinidin-derived anthocyanins, or kaempferol and pelargonidin derived anthocyanins are produced. Therefore, it appears that in fruits, FLSs and DFRs are specialized using alternatively either dihydromyricetin or dihydrokaempferol as a substrate, in addition to dihydroquercetin. In flowers, FLSs or DFRs specialized in metabolizing certain flavonols, can also use different dihydroflavonols as substrates to a lesser extent (Holton and Cornish 1995 , Bohm 1998 , Johnson et al. 2001 . Dihydrokaempferol is the precursor of dihydroquercetin and dihydromyricetin and is, therefore, present in all species. This could explain the presence of smaller amounts of kaempferol in species in which quercetin and myricetin are the predominant flavonols (e.g. black currant).
Transcriptional control of flavonoid biosynthesis in fruits is not yet well understood. Aharoni et al. (2001) described the characterization of FaMYB1, a ripening related transcription factor from strawberry. When transferring the gene to tobacco, the flowers of tobacco lines expressing FaMYB1 showed a reduction in anthocyanin (cyanidin 3-rutinoside) and quercetin glucoside levels. The levels of kaempferol glucosides were, however, not altered. The authors suggested that the transcription factor would have a role in reducing the activity of F3´H (flavonoid 3´-hydroxylase), which catalyzes the formation of dihydroquercetin, the direct precursor of both quercetin and cyanidin. In strawberry, pelargonidin and cyanidin from anthocyanins and kaempferol together with quercetin from flavonols are the main flavonoids in ripe fruit (Häkkinen & Törrönen 2000 , Nyman & Kumpulainen 2001 . The role of FaMYB1 in ripening strawberry could be to coordinately control the pelargonidin-kaempferol:cyanidin-quercetin ratio by suppressing the production of quercetin and cyanidin. Overall, the study of regulation of the flavonoid biosynthesis and other processes in fruit development offers fascinating challenges and possibilities for the future.
Effect of solar radiation on flavonoid biosynthesis in bilberry leaves
As a characteristic field layer species in boreal forests, bilberry is preferably a shade plant and does not tolerate clear cutting, nor the desiccating impact of direct sunlight, well. The thin, wax-free leaves of bilberry have been found to dry up and the crop yield has been found to decrease dramatically after clear cutting (Salo 1995) . The decrease in crop yield in clear cutting areas is probably primarily due to dryness, as to some extent, enhanced solar radiation is known to have a positive effect on bilberry fruit production (Hiirisalmi & Lehmushovi 1989) . The effect of enhanced UV-B radiation on growth parameters of sub-arctic heaths, including bilberry, has been explored by Phoenix et al. (2000 Phoenix et al. ( , 2001 in a long-term study. The growth was found to decrease, but the leaf thickness, flowering, and berry production were found to increase under enhanced UV-B radiation. Robakowski (1999) studied the impact of UV-B radiation on the chlorophyll content and chlorophyll fluorescence of bilberry and lingonberry in green house conditions. In bilberry leaves, a reduction in chlorophyll content, as well as in the maximal and steady state fluorescence of chlorophyll, was observed. Semerdjieva et al. (2003) studied the effect of enhanced UV-B radiation on the content and distribution of UV-absorbing phenolic compounds in bilberry, lingonberry and in bog bilberry (V. uliginosum) leaves. The enhanced UV-B radiation increased the concentration of phenolic compounds in all three species, but in bilberry the increase was the highest and these compounds were found to be located throughout the leaf. Lingonberry had the highest concentrations of cell wall bound phenolics in the epidermis, whereas the response of bog bilberry was intermediate between the other two.
When growing on expanse, the upper leaves of bilberry typically turn red. This phenomenon is understood to provide protection against solar radiation (Chalker-Scott, 1999; Winkel-Shirley, 2002) . In the present study, the qualitative and quantitative composition of UV-absorbing flavonoids and hydroxycinnamic acids, together with the expression of flavonoid pathway genes, were compared between sun and shadow leaves of bilberry (IV).
The composition and contents of flavonoids varies a great deal between the different tissues of bilberry. The composition of flavonoids was most simple in ground stems, in which only procyanidins were present in addition to hydroxycinnamic acids. The flavonoid composition in bilberry leaves consists of the flavonols quercetin and kaempferol, of the proanthocyanidins procyanidins and prodelphinidins, in addition to cyanidin glycoside anthocyanins in the red leaves. The concentration of hydroxycinnamic acids is also high in bilberry leaves (Table 1 ). The composition of flavonoids and hydroxycinnamic acids analyzed in this study from green bilberry leaves was consistent with the previous studies (Pellissier 1993 , Gallet 1994 , Gallet & Lebreton 1995 , Fraisse et al. 1996 , Witzell et al. 2003 . Also, the concentrations of flavonols and hydroxycinnamic acids in green bilberry leaves were in accordance with the earlier reports, with the seasonal mean values being 8050 equiv. µg/g for quercetin, 25000 equiv. µg/g for caffeic acid and 6500-8100 quercetin equiv. µg/g for young to old bilberry leaves (Fraisse et al. 1996 , Witzell et al. 2003 .
The results from the analysis of the leaves of bilberry growing in the shadow or sunlight provide further evidence for the activation of flavonoid biosynthesis as a consequence of solar radiation (IV). The observed increase in the expression of all anthocyanin pathway genes could explain the red colors of the leaves under direct sun exposure. The profile of anthocyanins in red leaves was different from that in fruits, but was similar to the profile analyzed from bilberry flowers (III), as only cyanidin glucosides were found. The protective role of anthocyanins has been suggested in earlier studies (Feild et al. 2001; for review, see Chalker-Scott 1999) . In maize, the cultivars with purple leaves were found to be more tolerant against DNA damage caused by UV-B (Stapleton and Walbot 1994) . Although anthocyanins were not characterized in the same study, they were speculated to be the same cyanidin glucosides identified earlier in the seed coat of maize (Harborne & Self 1987 , Harborne & Williams 2000 .
From proanthocyanidins, the content of procyanidins in the leaves growing under direct sun exposure was found to be only half of that in the shadow leaves. On the other hand, the contents of catechins, the monomeric units of proanthocyanins, and prodelphinidins were higher in the sun-exposed leaves. Procyanidins are synthetized in the same branch of the flavonoid pathway as cyanidin derived anthocyanins, and they compete for the same substrate. Accordingly, it is possible that in sun exposed bilberry leaves procyanidin production is reduced in favor of the production of cyanidin-derived anthocyanins for protection. Recently, Xie et al. (2003) proved in Arabidopsis the function of BANYULS genes, which encode anthocyanin reductase that converts anthocyanidins to their corresponding 2,3-cis-flavan-3-ols. A mutation in BANYULS genes results in the accumulation of anthocyanins and loss of proanthocyanidins. The results obtained in the present study suggest that in the sun-exposed bilberry leaves, the anthocyanin reductase or leucoanthocyanidin reductase activity is down-regulated to favor the production of anthocyanins for protection (IV). Another possibility is that, in leaves, procyanidins might have a role as storage forms, as the increase of catechins was detected concurrently with the decrease of procyanidins. Overall, the metabolic processes concerning polymeric proanthocyanins are regarded to be very dynamic and under a complex regulatory mechanism (Koupai-Abyazani et al. 1993 , Bohm, 1998 ).
An increase in flavonol production was detected in leaves growing under direct sun exposure (IV). A strong activation of F3H genes was also observed in the same leaves.
F3H catalyzes hydroxylation of flavanones to dihydroflavonols and is required for the biosynthesis of flavonols, proanthocyanins and anthocyanins (Bohm 1998) . As the activation of DFR and ANS genes in the leaves was less prominent, it was assumed that the high expression of F3H in the leaves exposed to direct sunlight would indicate an increase in the flavonol production. The results from chemical analyses confirmed this assumption, as the content of the flavonol quercetin in the sun-exposed leaves was threefold compared to the shadow leaves. The content of kaempferol was higher in the leaves growing under high solar radiation, although to a lesser degree. An enhanced protective role of quercetin and increased quercetin:kaempferol ratio has been detected in earlier studies with other plants, for instance in transgenic Petunia lines (Ryan et al. 1998 (Ryan et al. , 2002 , in Brassica napus (Olsson et al. 1998) , and in Trifolium repens (Hofmann et al. 2000) .
Hydroxycinnamic acids are the precursors of flavonoids as well as of various other phenylpropanoid metabolites, but they are also involved in the epidermal protection of plant tissues (Landry et al. 1995) . In bilberry, the concentrations of conjugated hydroxycinnamic acids were double in the leaves growing under direct solar radiation compared to the shadow leaves. The same phenomenon was observed in Vaccinium corymbosum leaves (unpublished data). In fruits, the concentrations of hydroxycinnamic acids were extensively lower than in other parts of the plant. Hydroxycinnamic acids are known to have the capacity to shield underlying tissues from harmful UV-radiation, but the concentrations of hydroxycinnamic acids were earlier considered to be independent of the plant's light environment (Bornman et al. 1997 , Burchard et al. 2000 . Kolb et al. (2001) detected an increase in the hydroxycinnamic acid concentrations as a consequence of strong visible radiation in grape leaves, whereas in the same study the flavonoid production was specifically enhanced by UV-radiation. However, the increased concentration of hydroxycinnamic acids in the leaves growing under high solar radiation can partially reflect the overall activation of phenylpropanoid metabolism.
This thesis and the original papers describe the isolation and characterization of the fragments of several flavonoid pathway genes from bilberry. These fragments represent the first nucleotide sequences of bilberry submitted to GenBank, DDBJ or EMBL databases. The fragments were labeled and used as probes in gene expression analyses. Also described are an improved method for the isolation of RNA from bilberry fruits as well as an alternative method for studying gene expression. The methods developed in this work should also be applicable for other studies where information about gene expression is needed, from bilberry or from other related species.
The expression of flavonoid pathway genes during the bilberry fruit development was found to be consistent with the accumulation of flavonoids. At the early stages of fruit development, quercetin and procyanidins were found to be the main flavonoids, but the levels decreased strongly during the progress of ripening. During the later stages of ripening, the content of anthocyanins increased strongly and these compounds were found to be the major flavonoids in ripe berry besides the flavonol myricetin. The expression of flavonoid pathway genes and the concentrations of flavonoids were found to be reduced in color mutants of bilberry, which explains the change in color from blue to pink or white.
A connection between flavonol and anthocyanin synthesis in bilberry fruits was detected in this study and also in previous literature collected from flavonol and anthocyanin analysis from other fruits. Based on those data, it was concluded that there are three predominant models for flavonol and anthocyanin biosynthesis in fruit tissues. The trend seems to be that in addition to quercetin from flavonols and cyanidin-derived anthocyanins, either myricetin and delphinidin-derived anthocyanins, or kaempferol and pelargonidin-derived anthocyanins are produced.
An activation of flavonoid biosynthesis by solar radiation was detected in bilberry leaves. Expression of all flavonoid pathway genes examined, and changes in the contents of all flavonoids and hydroxycinnamic acids analyzed were detected in bilberry leaves growing under direct sunlight compared with shade leaves. Based on the results, it was suggested that flavonoids more primitive in their evolution, i.e. cyanidin glycosides of anthocyanins and the flavonol quercetin together with hydroxycinnamic acids, play a predominant role in the defense against high solar radiation in Vaccinium leaves.
Regarding proanthocyanidins, a marked reduction in the procyanidin concentration suggests that they do not have a role in protecting leaf tissues from excess light.
The study of the control of flavonoid biosynthesis in small fruits is in its infancy. Although some information is already gathered, much still remains to be learned. The present study provides both improved methods and new information applicable to fruit plants and flavonoid research. Future research and the accumulation of knowledge, especially about the regulatory systems functional during fruit development and about overall flavonoid biosynthesis, will provide fascinating possibilities for the guidance and modification of metabolic routes in plants, for instance factors such as flavor, color, defense, and health properties.
